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Abstract

Phosphorus is a promising anode material for sodium batteries with a theoretical capacity of 2596 mA h g-1.
However, phosphorus has a low electrical conductivity of 1 x 10-14 S cm-1, which results in poor cycling and
rate performances. Even if it is alloyed with conductive Fe, it still delivers a poor electrochemical performance.
In this article, a FeP/graphite composite has been synthesized using a simple, cheap, and productive method
of low energy ball-milling, which is an efficient way to improve the electrical conductivity of the FeP
compound. The cycling performance was improved significantly, and when the current density increased to
500 mA g-1, the FeP/graphite composite could still deliver 134 mA h g-1, which was more than twice the
capacity of the FeP compound alone. Our results suggest that by using a low-energy ball-milling method, a
promising FeP/graphite anode material can be synthesized for the sodium battery.
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Phosphorus is a promising anode material for sodium batteries with a theoretical capacity of 2596 mA h g1.
However, phosphorus has a low electrical conductivity of 1  1014 S cm1, which results in poor cycling
and rate performances. Even if it is alloyed with conductive Fe, it still delivers a poor electrochemical
performance. In this article, a FeP/graphite composite has been synthesized using a simple, cheap, and
productive method of low energy ball-milling, which is an eﬃcient way to improve the electrical
conductivity of the FeP compound. The cycling performance was improved signiﬁcantly, and when the
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current density increased to 500 mA g1, the FeP/graphite composite could still deliver 134 mA h g1,
which was more than twice the capacity of the FeP compound alone. Our results suggest that by using a
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low-energy ball-milling method, a promising FeP/graphite anode material can be synthesized for the
sodium battery.

Introduction
Due to the increasing demand for consumer electronic devices
and electric vehicles every year, and the severe environmental
problems that are brought about by the use of traditional
automobiles, development of high-energy storage devices has
become a crucial issue.1 Using lithium-ion batteries is an
essential way to solve this issue,2 but lithium resources are not
suﬃcient for widespread use. Because of the similarities in
chemical properties between sodium and lithium, the sodiumion battery has become the most available substitute for the
lithium battery.3 There are a variety of Na-ion anode materials,
such as hard carbon,4 metal oxides,5 and metals which can alloy
with sodium.
Tin (847 mA h g1), antimony (664 mA h g1), and phosphorus (2560 mA h g1) are attractive anode materials because
of their high theoretical capacity. According to Qian's6 report,
the electrical conductivity and volume changes during cycling
signicantly aﬀect the performance of alloy compounds.
Coating carbon or using carbon material as matrix are eﬃcient
methods to improve cycle life and rate performances in alloy
anodes. For example, in Zhu's group,7 wood ber was found to
work as a mechanical buﬀer, and aer 400 cycles, the retained
capacity was around 339 mA h g1, 40% of the initial capacity.
Wang's group8 prepared Sn@carbon nanotube composite
delivering a capacity of 550 mA h cm2 in the 100th cycle, which
was 62% of the initial cycle. Ji et al.9 prepared an Sb/acetylene
black composite which delivered a capacity of 73 mA h g1
aer 70 cycles, with initial capacity of 624 mA h g1. Wu et al.10

synthesized Sb@C microspheres with 93% capacity retention
aer 100 cycles. P has a high theoretical capacity of 2596 mA h g1
in sodium battery. However, phosphorus has a low electrical
conductivity of 1  1014 S cm1, which results in poor cycling and
rate performances. One eﬃcient way is to synthesize P/carbon
composites. Kim and Qian11 separately reported a phosphorus/C
composite to achieve high cycling stability. Inspired by this, our
group12 prepared a red phosphorus/carbon nanotube (CNT)
composite by simply hand grinding, which retained 76.6% of the
initial capacity in the 10th cycle.
Our group13 has studied iron phosphide (FeP) compound for
application in sodium batteries, as it has high initial capacity of
over 700 mA h g1. The capacity of a sample with
poly(vinylidene diuoride) (PVDF) binder decreased to around
50 mA h g1 aer 40 cycles, because of the poor electrical
conductivity. One eﬃcient way to improve the FeP compound is
to use carbon material to make a composite.
According to previous report, ball milling is a cheap and
productive way to synthesis carbon coated composite.14 Our
group's previous works13,15 demonstrate that aer 20 hours
milling at the rotation speed of 300 rpm can get the nanoparticles about 30–100 nm in size which can deliver well electrochemical performance. Based on our previous experience,
FeP/graphite composite was prepared by this ball milling
method at optimized condition. Aer that, graphite turns into
an amorphous carbon matrix with FeP particles embedded in it.
The amorphous carbon serves as a conductive and ductile
matrix to connect particles with improved electrical conductivity and to buﬀer the volume change, which signicantly
improves the cycling and rate performances. FeP/graphite will
be a promising anode material in the future.
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Synthesis of FeP/graphite composite
FeP/graphite composite was synthesis by a simple and
productive low-energy ball-milling method. FeP/graphite
composite powder was prepared by using FeP compound and
commercial graphite. The FeP compound and graphite were
mixed in the weight ratio of 7 : 3, respectively and then put into
a hardened steel vial with 2 mm diameter milling balls. The
weight ratio of balls to powder was 20 : 1. The vial was assembled in a glove box with water and oxygen lower than 0.1 ppm.
The rotation conditions were set to 300 rpm for 20 hours.
Characterization
The crystal structure was characterized by X-ray diﬀraction
(XRD). The XRD patterns of the as-prepared powders were
collected on a GBC MMA instrument with a Cu Ka source
(l ¼ 1.541 Å), operating at 40 kV and 25 mA (step size ¼
0.002 s1). Scanning electron microscopy (JEOL JSM-7500FA)
and transmission electron microscopy (TEM, JEOL 2011,
200 keV) were used to characterize the morphology of the
samples. Raman spectra were collected using a HR800 JOBIN
Yvon Horiba Raman spectrometer.
Electrochemical measurements
In order to evaluate the electrochemical performance, the FeP/
graphite and FeP electrodes were prepared by mixing 80 wt%
active material, 10 wt% carbonyl-b-cyclodextrin, and 10 wt%
carbon black with de-ionised (DI) water to form a homogeneous
slurry, which was then coated on Cu foil, dried at 80  C for 10
hours in a vacuum oven, and then pressed under a pressure of
10 MPa. The electrodes were then punched into disks with 3 mg
cm2 active material loaded on them. The electrolyte was
NaClO4 in a mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) in the ratio of 1 : 1 by volume. The cell was
assembled in an Ar-lled glove box with water and oxygen
content lower than 0.1 ppm. The assembled cells were tested on
a Land cycler (Wuhan) at the current density of 50 mA g1
within the voltage window of 0–1.5 V (vs. Na/Na+). C-rate tests

Fig. 1

were conducted under current densities from 50 mA g1 to 2500
mA g1 within the voltage range of 0–1.5 V (vs. Na/Na+).

Results and discussion
Fig. 1(a) shows the XRD patterns of FeP/graphite and pure FeP
compound. All the diﬀraction peaks are indexed to orthorhombic
phase (JPCDS no. 65-2595) with space group Pnma. The decreased
peak intensity of FeP/graphite compared to the original FeP is due
to the smaller grain size aer 20 hours of low energy ball milling.
Based on the Debye–Scherrer16 formula, D ¼ Kg/(B cos q), K is a
numerical factor referred to as the crystallite-shape factor, g is the
wavelength of the X-ray, B is the half maximum width of X-ray
peak and q is Bragg angle. Aer calculating, the FeP crystal size
in FeP/graphite was calculated about 14.5 nm.
In order to further analyze the structure of FeP/graphite
composite, Raman spectroscopy was carried out. As shown in
Fig. 1(b), the Raman spectrum of FeP/graphite has two obvious
bands at 1330 cm1 and 1570 cm1, corresponding to the D and
G bands of carbon, respectively. The D band assigned to the A1g
mode corresponds to the defects in the structure, and the G
band is assigned to the rst-order scattering of the E2g mode in
the graphitic structure.6,17 The intensity ratio of D/G (ID/IG)
characterizes the ratio of disordered to ordered carbon in the
sample. The intensity ratio from the spectrum for pure graphite
is 0.28, while the ID/IG ratio of FeP/graphite is 1.18. This
phenomenon indicates that the graphite has been transformed
to disordered carbon aer 20 hours of ball milling, which is
consistent with the XRD pattern, where no graphite peak can be
observed. There are no signicant Fe–P bands in the spectrum,
which indicates that the FeP particles might be covered with
amorphous carbon. In addition, there is no band for P–P or P–C,
and no obviously peak shiing can be observed, which indicates
that the FeP compound has not decomposed or reacted with
graphite aer ball milling.
To explore the morphology of FeP/graphite aer ball milling,
scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) mapping were conducted. Fig. 2(a) and (b)
show the surface morphology of FeP compound and FeP/
graphite composite powder aer 20 hours of ball milling.

(a) XRD patterns of FeP/graphite and FeP, and (b) Raman spectra of FeP/graphite composite and graphite.
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Fig. 2 SEM images of FeP compound (a) and FeP/graphite composite (b and c); (d–f) are the EDS mapping of the FeP/graphite composite
particle in (c).

Compared to the original FeP compound, the average size of
secondary particles in the FeP/graphite composite is decreased
from 100–150 nm to about 100 nm, which is consistent with the
decreased peak intensity in the XRD pattern. The irregularshaped original particles have become spherical, which is
advantageous for battery application. In order to conrm that
the FeP was mixed homogeneously with the carbon, an individual particle in Fig. 2(b) was explored by EDS mapping, as
shown in Fig. 2(c). It seems that the carbon was distributed
homogeneously over the FeP compound particles, which is in
accordance with the Raman result that no Fe–P or P–P band
could be observed.
To further conrm that the FeP compound particles were
embedded in amorphous carbon, transmission electron
microscopy (TEM) and selected area electron diﬀraction (SAED)
analysis (Fig. 3) were conducted on the as-prepared composite
powder. In Fig. 3(a), lattice fringes with d-spacing of 0.273 nm,
corresponding to the (011) planes of FeP, are observed. There
are no lattice fringes between the FeP and the amorphous
carbon, which indicates that no bonding was formed between
the FeP and the carbon,18 which is in line with the Raman
spectra. The FeP nanocrystals are embedded in the amorphous
carbon matrix. The electron diﬀraction rings, corresponding to
the (011), (211), and (103) planes of FeP, are shown in Fig. 3(b).
Combining the evidence above, it is clear that, aer simple ball
milling, the graphite is converted to amorphous carbon with

Fig. 3

TEM image (a) and SAED pattern (b) of FeP/graphite composite.
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FeP crystalline particles 10 nm in size homogeneously
embedded inside. The amorphous carbon can serve as a
conductive matrix to enable well electric contact between
particles so that can improve the cycling and rate performance.
As shown in Fig. 4, transmission electron microscopy (TEM)
and selected area electron diﬀraction (SAED) analysis were used
to analyze the structure and phase of FeP and FeP/graphite
electrodes aer cycling for two cycles and charged at 1.5 V.
The electron diﬀraction patterns of FeP and FeP/graphite are
similar. The electron diﬀraction rings are corresponding to
(101), (100), (004), (103) phase of polycrystal Fe, which indicate
that aer one cycle FeP might has decomposed into Fe and
amorphous P which is in accordant with the previous report.13
As can be seen from the TEM image in Fig. 4(a), aer cycling FeP
electrode particles have pulverized into small nanoparticles,
and isolated which results in poor cycling and rate

Fig. 4 TEM (a and c) and SEAD (b and d) images of FeP (a and b) and
FeP/graphite (c and d) electrodes charged at 1.5 V.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Charge–discharge curves at the current density of 50 mA g1 (a) and corresponding dQ/dV plots (b) in the ﬁrst two cycles for FeP/graphite
(top) and FeP (bottom) electrodes.

performance. Comparing to FeP electrode, the FeP/graphite
(Fig. 4(b)) electrode has Fe particles imbedded in the amorphous carbon, thus amorphous carbon can serve as conductive
matrix to maintain the good electrical contact between particles
and hinder pulverization during cycling.
The discharge and charge performances of de-alloying and
alloying of Na-ion with FeP compound and FeP/graphite
composite was examined in 1.0 mol L1 NaClO4 in EC–DEC
solution (1 : 1 v/v). The loading mass of active material was 3
mg cm2. Fig. 4(a) displays the discharge and charge proles
(within the voltage range of 0–1.5 V vs. Na/Na+) of FeP compound
and FeP/graphite under the current density of 50 mA g1. The
discharge capacity of FeP/graphite composite in the rst cycle is
658.4 mA h g1. The calculated specic capacity based on the ratio
of FeP compound is 823 mA h g1, which is close to the theoretical
capacity of 893.3 mA h g1 and higher than the pure FeP capacity
of 764.5 mA h g1. During the initial discharge of FeP/graphite, a
slope between 0.8–1.0 V can be clearly observed, which corresponds to the formation of the solid electrolyte interphase (SEI).
The plateau at 0.09 V is similar to that of FeP compound, which is
due to Na alloying with P to form Na3P.13
In order to compare the chemical reactivity of the FeP/graphite
composite to FeP compound, and to analysis the mechanism of

in both samples, diﬀerential capacity (dQ/dV) curves were plotted,
as shown in Fig. 4(b). In the rst discharge process, two cathodic
peaks are observed, i.e., one wide peak (0.8–1.0 V versus Na/Na+)
and one sharp peak (0.09 V versus Na/Na+). The rst wide current
cathodic peak can be ascribed to the decomposition of electrolyte
and the formation of the SEI. The second small peak is assigned
to the alloy step of sodium ion insertion reaction to form Na3P
and NaCx.19 It is obviously observed an anodic peak at 0.05 V
which corresponds to the desodiation. The overall reaction
process can be summarized as follows:
3Na+ + 3e + Fe + P 4 Na3P + Fe

(1)

xC + Na+ + e 4 NaCx

(2)

The dQ/dV curve of FeP compound plotted in Fig. 4(b) shows
that there are two cathodic peaks at 0.07 V and 0.21 V, and two
anodic peaks at 0.44 V and 0.76 V in the second cycle, which is
similar to the reported curve.13 These peaks correspond to the
alloying and de-alloying reactions between Na+ and FeP
compound.
Fig. 5(a) shows the cycling performances of FeP/graphite and
FeP compound. The discharge capacity of FeP at the 70th cycle is

Fig. 6 Cycling performances of FeP/graphite, calculated FeP/graphite, and FeP compound (a) at 50 mA g1. Rate performance of FeP
compound and FeP/graphite composite (b).

This journal is © The Royal Society of Chemistry 2015
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217 mA h g1, which represents 47% capacity retention with
respect to the second cycle. The FeP/graphite composite shows
an obvious improvement in cycling performance. The 70th
discharge capacity is 175 mA h g1, which is 58% of the second
cycle. The reason for the lower capacity of FeP/graphite
compared to FeP is the limited specic capacity of graphite. If
the capacity is calculated based on the weight of FeP only, aer
70 cycles, the capacity remains 240 mA h g1, which is higher
than that of pristine FeP. The main reason for the improvement
in cycling performance is that the amorphous carbon can
connect the isolated particles and improve the electrical
conductivity. Fig. 5(b) shows the rate capabilities of FeP and
FeP/graphite electrodes. The average discharge capacities are
390/280, 272/191, 105/163, 54/134, 13/95, and 5.5/56 mA h g1 at
current densities of 50, 100, 250, 500, 1000, and 2500 mA g1 for
the FeP and FeP/graphite electrodes, respectively. It is obvious
that the rate capacity of FeP/graphite is better than that of FeP,
especially when the current density increases to over 500 mA g1.
This is probably because the amorphous carbon can serve as
conductive matrix to maintain the contact between particles and
hinder pulverization during cycling (Fig. 6).

Paper
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4

Conclusion
In summary, FeP/graphite composite was prepared by a simple
low-energy ball-milling method. The results demonstrate that,
aer ball milling with graphite, the cycling and high-rate
performances of FeP compound were greatly improved: the
discharge capacity of FeP/graphite represents 58% capacity
retention with respect to the second cycle; when the current
density increased to 500 mA g1, FeP/graphite composite still
delivered 134 mA h g1, which was more than twice the capacity
of the FeP compound. The graphite was converted to amorphous carbon aer ball milling, which served as a conductive
matrix to well connect the particles, hinder pulverization and
improve the electrical conductivity. Our results suggest that
FeP/graphite composite will be a cheap and productive anode
material for sodium ion batteries in the future.
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